Background: Pre-analytical conditions are key factors in maintaining the high quality of biospecimens. They are necessary for accurate reproducibility of experiments in the field of biomarker discovery as well as achieving optimal specificity of laboratory tests for clinical diagnosis. In research at the National Biobank of Korea, we evaluated the impact of pre-analytical conditions on the stability of biobanked blood samples by measuring biochemical analytes commonly used in clinical laboratory tests. Methods: We measured 10 routine laboratory analytes in serum and plasma samples from healthy donors (n = 50) with a chemistry autoanalyzer (Hitachi 7600-110). The analyte measurements were made at different time courses based on delay of blood fractionation, freezing delay of fractionated serum and plasma samples, and at different cycles (0, 1, 3, 6, 9) of freeze-thawing. Statistically significant changes from the reference sample mean were determined using the repeated-measures ANOVA and the significant change limit (SCL). Results: The serum levels of GGT and LDH were changed significantly depending on both the time interval between blood collection and fractionation and the time interval between fractionation and freezing of serum and plasma samples. The glucose level was most sensitive only to the elapsed time between blood collection and centrifugation for blood fractionation. Based on these findings, a simple formula (glucose decrease by 1.387 mg/ dL per hour) was derived to estimate the length of time delay after blood collection. In addition, AST, BUN, GGT, and LDH showed sensitive responses to repeated freeze-thaw cycles of serum and plasma samples. Conclusion: These results suggest that GGT and LDH measurements can be used as quality control markers for certain pre-analytical conditions (eg, delayed processing or repeated freeze-thawing) of blood samples which are either directly used in the laboratory tests or stored for future research in the biobank.
Introduction

B
lood is a biofluid that can be readily obtained from patients or health examinees, and analyzed to assess the current physiological state of the body. Consequently, serum and plasma samples have long been used for identification of disease-related biomarkers and for clinical diagnosis. [1] [2] [3] [4] [5] Detection technologies, such as mass spectrometry and immuno-hybridization technologies used in many omics fields, have dramatically improved in terms of accuracy and sensitivity, with significant increases in the possibility of detection and identification of trace amounts of molecules in the circulatory system. However, despite use of the same analytic platform to profile the plasma proteome of identical samples, different research groups have reported profiling results so disparate that only a small portion of the identified proteins overlapped. 2 These types of discrepancy can be caused by high sample complexity and a wide dynamic range of plasma proteins. Further, incomplete sampling, false-positive matches, and integration of diverse datasets have been implicated as contributing to the disparate results obtained in analyses of plasma and serum proteins. These observations reinforce the critical importance of maintaining high quality serum and plasma samples throughout the analysis of circulating protein biomarkers. [6] [7] [8] Analysis of laboratory errors showed that at least 40% of errors are made in the pre-analytical phase. [9] [10] [11] [12] However, researchers may be less meticulous in the pre-analytical phase than in the experimental or analytical phases of the process. 13 Therefore, quality control of pre-analytical variables can be considered a key factor in generating consistent experimental data and providing accurate and sensitive diagnostic tools. It is important to maintain and monitor sample quality, as well as to handle and control samples properly.
To date, numerous reports have provided information about the stability of blood samples, but few have investigated analytes and conditions relevant to generalized research. Most studies have focused on one or a few analytes or sets of proteins, such as panels of specific diagnostic markers.
14 In previous studies of the effects of delayed processing of whole blood, conditions such as storage time at high temperature vs. room temperature have been analyzed. [15] [16] [17] Although it is generally recognized that repeated freeze-thaw cycles can influence biomarker measurements, 18 ,19 a single specimen may be subjected to multiple freeze-thaw cycles in the course of blood processing in multiple laboratories.
We therefore examined the effect of some pre-analytical conditions, including time intervals before and after blood sample processing and the number of freeze-thaw cycles on blood sample quality. We measured the concentrations of 10 commonly assayed analytes of serum and plasma under previously unstudied conditions that simulate extreme conditions. These common biochemical markers can be easily tested in basic lab tests, and the results can be managed in biobank databases. Our goal was also to suggest potentially robust and sensitive biomarkers for blood sample quality.
Materials and Methods
Participants
All volunteers were informed of the rationale for the study, and consent was obtained. The subjects included 25 males and 25 females ranging from 31 to 59 years of age, without disease in their medical histories, and currently not on medicine. The study was approved by the local Ethics Committee at Ewha Women's University Mogdong Hospital.
Blood collection and processing
Venous blood was collected from each participant into ten sterile 5-mL Vacutainer Serum separator tubes with clot activator (SST; Becton Dickinson, NJ) and two sterile Vacutainer Plasma separator tubes containing EDTA (K2 EDTA; Becton Dickinson). To study the effects of delayed processing time on whole blood, we allowed four 5-mL SST tubes to stand at room temperature for 0.5, 1, 2, 4, and 24 h. At the end of the treatment period, the tubes were centrifuged at 3000 g for 10 min and the serum samples were transferred into several cryovials (Nalgene: Fisher Scientific) for analyte measurements. Next, to study the effects of delayed freezing on serum samples, we allowed four 5-mL SSTs from each volunteer to stand for 0.5 h at room temperature, after which those tubes were centrifuged (3000 g for 10 min). We mixed the serum samples (four) from each volunteer in a 50-mL tube and transferred aliquots into cryovials. The cryovialed serum samples were stored at room temperature for 0.5, 2, and 4 h.
Finally, to examine the effects of repeated freeze-thawing cycles on sample quality, we allowed two 5-mL SSTs and two EDTA tubes from each volunteer to stand for 0.5 h at room temperature, after which tubes were centrifuged (3000 g for 10 min). The serum and plasma were subsequently aliquoted and then one serum and one plasma aliquot were immediately analyzed on the Hitachi 7600-110 (Hitachi Co., Tokyo, Japan) to use as a reference for subsequent measurements for freeze-thaw cycles. The remaining aliquots were stored at -196°C. One day after the remaining aliquots were stored at -196°C, the frozen samples were thawed completely at room temperature. These freeze-thaw cycles were further repeated 3, 6, or 9 times. The sample collection, handling, and storage methods are summarized in Supplementary Table ST1 (supplementary data are available online at www.liebertpub.com/bio).
Biochemical analysis
The levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol, gamma-glutamyltransferase (GGT), triglycerides, lactate dehydrogenase (LDH), C-reactive protein, creatinine, glucose, and blood urea nitrogen (BUN) in serum and plasma were measured using an automated chemistry analyzer, Hitachi 7600-110 (Hitachi Co.) in routine chemistry workflow of the diagnostics. A detailed description of the assay methods is shown in Supplementary Table ST2 . We carried out all measurements in triplicate to assess the reproducibility of the analytic methods.
Statistical analysis
Statistical analysis was performed with the SPSS 17.0 (SPSS Inc., Chicago, IL) software package. The level of each biochemical in the different pre-analytical samples was expressed as a relative concentration by dividing each result by the control measurement. Statistically significant changes were determined for each of the analytes by repeatedmeasures ANOVA. Clinically significant changes were determined using the significant change limit (SCL) approach, 20 defined as: SCL = initial value -2.8 usual standard deviation (USD) and was based on the assumption that the USD would be representative of the inherent batch-to-batch variability of the method. In the present study, the calculated mean for each of the analytes at 0.5 h represented the initial value. The USD was obtained by averaging the SD of the initial values and the SCL was computed by establishing the range ( -2.8 USD) from the mean reference value.
To estimate the effects of pre-analytic conditions retroactively, such as the duration of delay before centrifugation, we applied linear regression analysis using biomarker concentration as a dependent variable and pre-analytic condition as an independent variable. An estimate was considered significant if the multiple correlation coefficient (R) was higher than 0.2 and the p value was less than 0.05.
Results
Effect of delayed processing between blood collection and fractionation
We assayed 10 analytes widely used as diagnostic markers to examine the stability of serum samples kept at room temperature for up to 24 h prior to fractionation/separation. The levels of eight analytes tended to increase with increasing time prior to separation; the exceptions were TG and CRP (Table 1) . Based on analysis using repeated measures ANOVA, the serum concentrations of AST, GGT, LDH, creatinine, and glucose showed significant ( p < 0.05) changes within 1 h of delay prior to separation compared with the reference. Of these analytes, the glucose concentrations of samples incubated for 24 h prior to separation showed significant ( p < 0.0001) decreases of approximately 1.6-fold compared to glucose concentrations of sera separated immediately after collection. In contrast, no statistically significant differences were observed in TG and CRP concentrations, even after a 24 h delay in sample processing, compared to the reference serum samples. Using the SCL approach to determine relevant clinical changes in serum and plasma components, we found that the concentrations of GGT, LDH, and glucose changed significantly even after short delays of 2 h, although the levels of AST, ALT, TG, TC, and CRP were unchanged ( Table 1) .
Effect of elapsed time between blood fractionation and freezing of serum
The same analytes were measured in serum samples maintained at room temperature for up to 4 h after fractionation and before storage. The concentration of nine analytes (AST, ALT, GGT, LDH, TG, TC, BUN, creatinine, and glucose) showed a tendency to increase statistically with elapsed time (Table 1) . Of these analytes, the concentrations of GGT, LDH, and BUN were significantly changed, as determined by SCL, after a 2 h delay at room temperature prior to storage, compared to the reference.
Effect of repeated freeze-thaw cycles
To assess the influence of repeated freeze-thaw cycles on blood sample composition, serum and plasma samples were subjected to multiple freeze-thaw cycles. The concentrations of the 10 analytes were measured and compared to the reference samples (Table 1 ). The concentrations of seven analytes (ALT, AST, GGT, LDH, creatinine, glucose, and BUN) were statistically different after a single freeze-thaw cycle except for TG, TC, and CRP. Particularly following SCL analysis, the concentrations of four analytes (AST, GGT, LDH, and BUN) appeared susceptible to freeze-thaw cycles; however, TC and CRP were unaffected (Table 1) , and TG was affected only after the first freeze-thaw cycle.
The levels of seven analytes (ALT, GGT, LDH, TG, BUN, creatinine, and glucose) were changed significantly ( p < 0.05) after three freeze-thaw cycles, as shown by repeatedmeasures ANOVA (Supplementary Table ST3 ). Among these analytes, LDH showed the greatest response to freeze-thaw cycles.
In summary, changes in concentrations of GGT and LDH reflected the delays in time of blood processing and storage, as well as in the repeated freeze-thaw cycles. In contrast, the CRP concentration was unaffected by changes in the preanalytical conditions tested in this study.
Predicting pre-analytical conditions using biomarker candidates
To identify reliable high-quality biomarkers by determining the sensitivity of analytes to pre-analytical conditions, we performed linear regression analysis (Table 2 ). Regression analyses showed that levels of glucose and creatinine were significantly correlated with the duration of delay before blood fractionation (b = -1.387, R = 0.846, p < 0.05, and b = 0.008, R = 0.407, p < 0.05, respectively), indicating that the glucose concentration decreased by 1.387 mg/dL for every hour of delay prior to blood fractionation. Landt 21 reported that the initial concentration of glucose in heparinized whole 
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blood decreased linearly over 8 h. Therefore, the duration of delay before blood fractionation could be predicted using the following formula. In addition, the serum level of LDH decreased significantly as the number of freeze-thaw cycles increased (b = 4.606, R = 0.251, p < 0.05); however, no significant correlation was observed with the duration of delay after centrifugation. Based on these findings, a simple constant (glucose decrease by 1.387 mg/dL per hour) was derived to estimate the length of the delay between blood collection and fractionation.
Present concentration
Discussion
We assessed effects of pre-analytical conditions on the quality of plasma and serum samples by measuring the concentration of 10 representative analytes under conditions which are uncommon in routine laboratory tests, but occasionally may occur in the biobanking process. The aim of this study was to identify an applicable biomarker for estimating blood sample quality. Despite conflicting previous reports, 2, 20, [22] [23] [24] [25] the results of this study showed that delay both before and after centrifugation to separate serum from whole blood resulted in significant quantitative changes in the concentrations of some biochemical analytes, even when the delay was as short as an hour. We summarized the responses of 10 analytes according to pre-analytical status in Table 3 and Figure 1 , indicating that serum GGT and LDH levels are strongly influenced by many conditions of blood sample collection and storage.
These changes in analyte measurements may be attributable to sustained metabolic activities of blood cells, alterations in cell membrane integrity resulting in continuous release of metabolites, or release of degradation products from clots. These findings are particularly important since variations in the time lag between blood drawing and centrifugation in the clinical laboratory are almost always encountered during blood sample processing for biobanking. Apparently, the length of time between collection and separation of serum from blood cells or clots may be critical for consistent measurements of many biological molecules. Therefore, our data, generated from artificial laboratory conditions can be used as a reference for standardizing blood processing protocols for biobanking. Moreover, these results emphasize the importance of documentation of pre-analytical conditions, and emphasize the need for investigators to control pre-analytical conditions in replicating studies. For this purpose, the SPREC (Standard PRE-analytical Code) has been proposed by the ISBER Biospecimen Working group.
The information on repeated freeze-thaw cycling is important for both the design of studies using biobanked samples and residual aliquots of samples as well as their data 
, glucose ¤ *Statistically significant difference from reference within 2 h (out of SCL range and p < 0.05); { Statistically significant difference from reference within 4 h (out of SCL range and p < 0.05);
{ No significant difference from reference within 4 h or even after 24 h delay; x Statistically significant difference from reference after one thawing (out of SCL range and p < 0.05); { Statistically significant difference from reference after 6 freeze-thaw periods (out of SCL range and p < 0.05); ¤ No significant difference from reference after 6 or even 9 freeze-thaw periods.
interpretation. Repeated freeze-thawing cycling is known to affect the stability of biological samples and, notably, to induce conformational changes in proteins that may ultimately lead to aggregation or degradation. [26] [27] [28] However, previous studies have shown that some molecules are stable in serum and plasma under conditions of repeated freezing and thawing, even up to 10 cycles. 29, 30 The present study showed that even one freeze-thaw cycle led to changes in the concentrations of four analytes (AST, GGT, LDH, and BUN); the change in plasma LDH concentration was similar to that seen FIG. 1. Sensitive and robust responses to pre-analytical conditions. (A) The concentrations of three analytes (GGT, LDH, and glucose) in serum showed significant differences after 2 h that were dependent on the duration of delay before centrifugation. In contrast, the concentrations of TG, TC, and creatinine did not change. (B) Responses of GGT, LDH, and BUN were sensitive to the duration of delay after fractionation. (C) Levels of GGT, LDH, and BUN in plasma changed significantly with the number of freeze-thaw cycles. However, the levels of TC, creatinine, and glucose did not change after nine freezethaw cycles.
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in serum (Table 3 ). In the case of glucose, other investigators have noted that the level of glucose in serum is relatively stable after up to six cycles of repeated freezing and thawing. 26, 31, 32 Many pre-analytical factors, such as conditions of blood processing and storage, may cause alterations or spurious cellular release of biomolecules in vitro after sampling. This may occur as a result of ex vivo cellular injury, disintegration, cellular granule release, or the actions of proteases.
Although many studies show increased awareness of preanalytical conditions, biobanks and individual researchers receive samples from hospitals or institutes without information on well-controlled and documented pre-analytical conditions, Instead many biobanks collect biological samples and their relevant biomedical information, including the level of clinical/diagnostic biomarkers which were used in this study. Therefore, quality control biomarkers identified from common clinical/diagnostic markers can be easily accessible for monitoring sample quality, and to estimate sample processing conditions retroactively.
The present study showed that glucose concentration could be used as an indicator of sample quality based on calculation of duration of delay time between collection and centrifugation. A previous study by Boyanton 20 showed that glucose concentration changes according to the duration of the delay before sample processing. In our study, we propose the first formula to predict the duration of delay before centrifugation based on the serum levels of common biomarkers. Although GGT, LDH, and BUN showed sensitivity to time delay after blood fractionation, regression analyses of GGT and BUN concentrations showed no significant differences ( p > 0.05) and the LDH level exhibited higher variability (R < 0.2) among individual samples. Of the four analytes (AST, GGT, LDH, and BUN) that were sensitive to freeze-thaw cycles, LDH (b = 4.606, R = 0.251, p < 0.05) would be a better candidate biomarker for predicting the damage from freeze-thaw cycles than BUN (b = 0.117, R = 0.116, p < 0.05) or AST or GGT ( p > 0.05).
We demonstrated that the length of the time delay in blood processing could be retroactively estimated by a simple formula with the regression coefficient b = -1.387 if the baseline levels of sensitive biomarkers were available. In practice, however, it is likely that the baseline concentrations of selected biomarkers, such as LDH and glucose, are not provided when biobanked samples are distributed to researchers. Moreover, in general, biochemical measurements of biomarkers may vary depending on instrumentation and methodology. Thus, we propose a normalization-based formula by which the concentration of a biomarker sensitive to pre-analytical conditions, such as GGT, LDH, glucose, or BUN, is subtracted from the concentration of an insensitive biomarker, such as TC. For example, D(LDH-TC) and D(glucose-TC) significantly reflected pre-analytical conditions, such as delayed time of blood processing, subsequent freezing, and numbers of freeze-thaw cycles ( Supplementary  Fig. S1 and Table 4 ). These formulas would be easily applicable and useful for assessing sample quality, even in biobanks and laboratories, in which a variety of methods are used for making biochemical measurements of samples of serum and plasma.
Inappropriate collection, handling, and storage of samples, as well as errors in data analysis and documentation, may all contribute to generation of irreproducible and, more important, unreliable data. Therefore, it is recommended that whenever data generated from specimens obtained from such a biobank are published, the report should contain a detailed description of all parameters that could have influenced the findings. Our findings demonstrate the effects of pre-analytical conditions on blood samples, and may provide a reliable reference biomarker to determine sample quality and retroactively estimate sample processing conditions for biobanks, as well as for researchers analyzing the same specimens. 
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